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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCE MEMORANDUM

IMPINGEMENT OF WATER DROPLETS ON AN NACA 657-212 ATRFOIL
AT AN ANGLE OF ATTACK OF 4°
By Rinsldo J. Brun, John 8. Serafinl, and

George J. Moshos

SUMMARY

The trajectories of droplets in the air flowing past an NACA 657-212

airfoil at an angle of attack of 4° were determined. The collection .
efficiency, the area of droplet impingement, and the rate of droplet
impingement were celculated from the trajectories and are presented herein
to cover the followlng range of conditions:

Variasble Minimim value Maximm wvalue
Droplet diameter (microns) 5 100
Alrplane speed (mph) 150 Criticel flight speed
Altitude (£t) 1000 35,000
Chord length (ft) 2 20
INTRODUCTION

As part of a comprehensive research program directed toward an
appraisal of the problem of ice prevention on high-speed ailrcraft, an
investigation of the implngement of cloud droplets on airfolls and other
aerodynamic bodies has been undertaken at the NACA Lewis laboratory.

The investigation includes a study of the extent of impingement on a low-
drag airfoil and the rate of droplet impingement per unlt area of the
girfoil area affected. Previous investligators have calculated the water--
droplet trajectories for cylinders (references 1 and 2) and for Joukowski
airfoils (references 3 and 4). An empirical method for determining ares,
rate, and distribution of water-droplet Impingement on airfolls of arbi-
trary sections is presented in reference 5. The method is more firmly
established for l5-percent-thick airfolls resembling Joukowskl airfoil
sections than for low-drag airfolls, because the basic data used in
developing the empirical method were obtalned for four Joukowski airfoil
sectiones and only one low-dreg section. Further water-droplet trajectory
data sre needed for low-drag airfoils and particularly for airfoil
gsections thinner than the l5-percent-thick sections for which results

are reported in the references cited.
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The studies presented 1ln this report are for an NACA 653-212 airfoil,

which is a l2-percent-thick wing, placed at an angle of attack of 4°.
The NACA 65-series airfoil sections are particularly adeptaeble to alr-
Pplanes having high-level fllght speeds. An airfoil 12 percent thick was
chosen as adaptable to transport and cargo airplanes. An angle of attuck
of 4° was chosen as being representative of low cruise attitude for a
turbojet-powered alrcraft coperated under conditions glving a relatlively
large area of droplet impingement on the airfoil. The results presented
herein are applicable to the NACA 651-212 alrfoll under the followlng
conditions: chord lengths from 2 to 20 feet; altitudes from 1000 to
35,000 feet; airplane speeds from 15C miles per hour to the criticael
flight Mach number; and droplet diameters from § tc 100 microms.

ANALYSTS

As an sirfoil moves through a cloud, the interception of the cloud
droplets by the airfoil is dependent on the physicsel configuration of
the alrfoil snd on the inertis of the cloud droplets. In order to obtain
the extent of impingement and the rate per unit ares of droplet lmpinge-
ment on an airfoil, the cloud droplet trajectorles with respect to the
girfoll must be determined. The differential equations that describe
the droplet motion have been stated in reference Z and are presented
herein in-the following form:

(1)

dav. CpRe
—3 - 1 -
ar 51 K Uy - V)
where
2
U
xs2Pw? - (2)
9 RL -
and
Be \¥ | (ug - vx)? + (uy - vy)2 (3)
Reg y - Vy

(A1l symbols are defined in appendix A.) The dimensions of the free-
stream velocity U 1in equation (2) are feet per second in order that
the dimensions of the other varlagbles in the equation be consistent with
the definitlions given in the list of symbols. ’
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The differential equations (1)} state that the motion of a droplet is
governed by the drag forces imposed on the droplet by the relstive motion
between the droplet and the air moving along the streamlines around the
girfoil. The droplet momentum tends to keep the droplet moving in a
straight path, while the drag forces tend to force the droplet to follow
the streemlines. For very small droplets and slow speeds, the momentum
of the droplets parsllel to the direction of the free-stream motion is
small and the drag forces are large enough that little deviation from the
streamlines occurs; whereas for large droplets and high speeds, the
momentum is great enough to cause the droplets to'deviate from the
streamlines. In accordance with equations (1) and the definition of the
paresmeter K in eguation (2), for a given size and configuration of sir-
foll, the trajectorlies depend on the radius of the droplets, the air-
speed; and the air viscoslty as flrst-order vearlables. The trajectories
also depend on the physical configuration of the alrfoll and its angle
of attack, in that these two variasbles determine the magnitude of the
component velocities of the air uxy &nd uy everywhere in the flow

field.

The component air veloclties were determined by a vortex substitution
method that reguires a knowledge of the pressure distribution on the
surface of the airfoll. The pressure dlstributlion was obtained from wind-
tunnel data taken at the Ames lsboratory. The method for calculating the
local perturbation velocities in the two-dimensional iIncompressible flow
field ahead of the airfoll is described 1n part in reference 6 and is
presented more fully in gppendix B. The computatlons were performed with
electronic calculating machines employing punched cerds. An Incompress-
ible flow field wag obtained with the vortex substitution method. Pre-
liminary calculations showed that the effect of compressibility of air
on the trajectories of droplets was not a flrst-order effect up to the
criticel Mach number of the airfolil. Because of these preliminary cal-
culations, the results presented herein are epplicable up to the £flight
critical Mach number.

The more important assumptions that have been necessary in order to
solve the problem ere:

(1) At a large distance ahead of the sirfoil (free-stream conditions)
the droplets move with the same velocity as the air. .

(2) The droplets are always spherical and do not change in.size.

(3) No gravitational force acts on the droplets.
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METHOD CF SOLUTICN

The differential equations of motion (equation (1)) are difficult
to solve by ordinary means because the values of the velocity components
of the alr and the term containing the coefficlent of drag are not known
until the trajectory is traced. These values are determined as the
trajectory of o droplet 1s developed because the magnitudes depend on
the position of the droplet in the flow fileld. Simultanecus solutlons
for the two equations were obtalned with the use of a mechanical analog
constructed at the Lewls laboratory for this purpose. The answers were
obtalned in the form of plots of the droplet trajectories with respect
to the airfoil. The coefficient of drag Cp for the droplets, required

in equations (1), was obtained from tables in references 2 and 3.

The equations of motion (equations (1)) were solved for the following
six values of the parameter X: 1/100, 1/50, 1/10, 1/5, 1, and 2. For
each value of the parameter K & series of trajectories was computed
for each of three values of free-stream Reynolds number Rey (16, -256,

and 1024). (A graphical procedure for interpreting the dimensionless
parameters used in this report in terms of airplane speed, chord length,
altitude, and droplet size 1s presented in appendix C. ) Each series of
trajectories encompassed the glrfoil with a trajectory that was tangent
to the upper surface of the airfoll and with a trajectory that was
tangent to the lower surface of the alrfoil. The upper and lower tangent
trajectories started at free-stream conditions at distances ¥0,u and

Yo.1° respectively, below the geometric chord line of the ailrfoll

2
(fig. 1). The geometric chord line of the sirfoil is orlented to coinclde
with the x-axis of the rectanguler coordinate system, and the leading edge
is placed at the origlin of the coordinates. At an infinite diastance
shead of the airfoil, the uniform air flow carrying the cloud droplets is
sssumed to be spproaching the girfoil from the negative x-dlrection at an
angle of 4° with respect to the geometric chord line. All distances are
dimensionless because they are ratios to the airfoll chord length L,
which 1s assumed to be the unit of distance.

Before the integration of the equations of motion could be performed
with the analog, the initlal wveloclty and acceleration of the droplets
had to be determined. As postulated in the assumptions, at an infinite
distence shead of the alrfoll, all the droplets have vertical and hori-
zontal components of velocities that are the same as those of the free-
stream alr. At finlte distances ahead of the leading edge of the
girfoil, the droplets have velocity components and positions varying
between those pertaining to the free stream and to the streamlines. At
5 chord lengths ahead of the eirfoll, the air streamlines were found to
deviate from free-stream conditlons by less than the expected accuracy
of the analog; therefore this point was assumed to be a safe position
to assign the inltlal conditions to the droplets as being those of the

2515
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alr streamlines. Because the time requlred to trace each trajectory
from 5 chord lengths 2head of the airfoll up to the airfoil surface was
prohibitive, the plotting by the analog was started at 1 chord length
ghead of the zirfoll leading edge. The starting conditions at 1 chord
length shead of the leading edge were determined for each of the six
values of X studied by calculating a sample traJectory that started
et x = -5. A preliminsry study showed that while a droplet is
approaching a position 1 chord length ahead of the airfoll, the amount
of deviation of the droplet trajectory from the ailr streamline on which
the droplet had started depends only on the value of K and not on the
starting value of y at x = -5, provided the value of y is within
the region.of interest in this problem. Because the sample trajectories
for each value of K studied were calculated from x = -5 to x = -1
in order to determine the starting values of droplet velocity and y-
ordinate at x = -1, the final results were the same as if each trajectory
were calculated from 5 chord lengths ahead of the alirfoll leading edge.

A study also revealed that the assignment of elther free-stream or
streamiine values to the droplets at x = -1 was not sufficiently
accursete, because the trajectories from 1 chord length ahead of the air-
foll surface are very sensltlve to small variations in the droplet
veloclty starting conditions assigned at 1 chord length ahead of the air-
foil.

RESULTE AND DISCUSSION

The series of trajectories computed for each combination of walues
of K and Rep studled permits the eveluation of the area, the rate,

and. the distribution of water-droplet impingement on the NACA 657-212

airfoil section at an angle of sttack of 4°." The tangent trajectories
determine the area, or extent, of impingement. All droplets having
trajectories between the tangent tralectories will strike the sirfoll,
whereas all droplets having trejectories not bounded by the tangent
trajectories will miss the airfoil. The tangent trajectorles also deter-
mine the rate of over-all droplet impingement, because the amount of
water-droplet impingement on the whole wing is governed by the spacing
of the tangent trajectories (Yo,u - ¥0,1» fig. 1) at & large distance

ahead of the airfoil where the cloud is uniform. The manner in which all
the droplets collected are distributed over the area of impingement. is
determined by the behavior of those trajectorles that are bounded by the
tangent trajJectorles.

The results are often presented herein as functions of the param-
eter K. The pasrameter K has been called the inertis parameter,
because its magnitude directly reflects the external force required on
& droplet to cause a devietion from its original line of motion. For
lerge values of K (that is, K > 1) vwhich correspond, for example, to
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droplets larger than 50 microns 1n diameter moving toward a 6-foot-chord
alrfoil at 400 miles per hour, the droplet trajectories deviate by only
small amounts from straight lines. For values of X 1less than 1/50 which
correspond, for example, to droplets less then 12 microns 1n diameter
moving at less than 300 miles per hour toward an airfoil section with a
l2-foot chord, the droplet trajectories more nearly colncide with the

air streamlines.

The results are also often presented in terms of the scale parameter

*EReO=9Lpa
- =

. (4)
where L and & must be In the same units. The parameter ¥ 1s called
a scale parameter, because at any given altitude the value of ¥ varies
directly as the ratio of the airfoil chord length to the droplet size.
For a tapered wing, the V¥ paremeter permlts the direct evaluation of
the amount of spanwise droplet Impingement on the wing, because the
entire wing is subjected to droplets of the same slze and to the same air
and water densities. The chord length 1s the only spenwise variable
appearing in the scale parameter. For each sectlon of span consldered,
the taper must—be small enough that—two-dimensional flow over the section
is approximated. The scale parameter also permits & direct comparison

of the impingement that can be expected on an airfoll passing through
numerous clouds each composed of droplets ‘uniform In size in each cloud
but varying in size from one cloud to another.

Rate of water interception. - In flight the total rate of water
interception, in pounds of water per hour per foot of wing span, is deter-
mined both by the droplet trajectories and by the meteorologlcal condi-
tions. The liquid-water content, in grams per cublc meter, and the
droplet size are the important meteorological conditions. The speed and
the slze of the ajrfoll, as well as the droplet size, affect the tangent
droplet trajectories, which determine the droplets that strike the
airfoil. The total rete of water interception per unit span of the air-
foil on that portion of—the alrfoil surface bounded by the upper and the
lower tangent trajectories (fig. 1) can be calculated from the informa~
tion in figure 2 and the following relation:

= 0.329 (yb’u - ) LUw cos a (5)

Y0,1
where the flight speed U 1is 1n miles per hour. Figure 2 is s plot of
the spacing between the upper and the lower tangent trajectories at free-
stream conditions as a function of the reciprocal of the lnertia param-
eter.

STE2.
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The rate of water Interception 1s decreased as l/K is Increased,
particularly for values of l/K larger than 1. An increase in Reg

also decreases the rate of water interception. The values of 1/K =21
and Rep = 187 represent the conditions for an airfoll with a 1l2-foot

chord traveling at 400 miles per hour through a cloud composed of
droplets 17 microns in dismeter at an altitude of 10,000 feet. The
corresponding velue for yg , - ¥p,; required for equation (5) is 0.022.

If the same alrfoll is considered in f£light at 200 miles per hour
(droplet_size and altitude not varied), the values of 1/K and Reg

change to 42 and 94, respectively, and the value of Yo,u - Y0,1 changes

to 0.016, a decrease of 27 percent. The decrease In rate of water
impingement (equation (5)) 1s 64 percent. The effect of speed on the
rate of water impingement is large, because the spacing between the two
tengent trajectorles is affected by the speed and the speed appears
directly in equation (5).

The variation of rate of water iInterception wlth airfoll speed is
summerlzed for an altitude of 20,000 feet iIn figure 3, In which the
ordinate Wﬁ/w ils the total rate of water Impingement per foot span of

airfoll per unit liquid-water content (g/cu m) in the cloud. The total
rate of water impingement can be obtalned as a product of the results in
Figure 3 and the liqulid-water content existing in the cloud. Seversal
chord lengths ranging in value from 2 feet to 20 feet have been considered
in figure 3. The values in figure 3{a) are for flight through a uniform
cloud camposed of droplets 15 microns in diameter; and in figure 3(b),

for 20 microns in dlameter. As is shown herein, the effect of a change

In altltude 1s a second-order varisbhle; therefore, the results of fig-

ure 3 are appliceble over a wlde range of altitudes.

Collection efficiency. - The collection efficiency of an airfoil
has been defined (references 3 and 4) as the ratio of the amount of water
intercepted to the amount of water originally contained in a volume of
cloud swept out by the airfoil when at zero geometric angle of attack.
The collection efficiency

(yo,u - yo,l) cos
= T

is presented in figure 4 as a function of the scale parameter . The
preceding definition of collection efficiency permits a value of collec-
tion efficlency greater than 1 for Infinitely large droplets when the
airfoill 1s at an angle of attack other than zero. The total rate of

water interception cen alsoc he found in terms of the collection efficlency
given iIn figure 4 for the 65;-212 airfoil from the relation
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Wp = 0.329 Ep TLUW . (6)

where U 1s in miles per hour.

The value of the collection efficiency decreases with increasing
values of the scale parameter Y. At comnstant altitude, an Increase in
¥ 1s equivalent to an increase In the chord length with the same slze
droplets or equivalent to a decrease in the droplet size with the same
airfoil chord length. The effect of wing taper can easlily be obtained
from the results of figure 4. For an sirfoll wlth a l2-foot chord at
the root section and a 3-foot chord at the tlp section, the scale param-
eter YV changes from 1675 at the root to 419 at the tlp when the air-
foil is moving at 400 mlles per hour at an altitude of 30,000 feet
through & cloud composed of droplets 17 microns in dlameter (Reo = 90).

The collection efficiency increases from 0.1S at the root to 0.42 at the
tip of the ailrfoil. Although the collection efficiency at the root is
19/42 as large as that at the tlp, the amount of water implnging on the
root sectlion is 1.8 times the amount impinging on the tip section because
the root section is four times as large as the tip section (equation (6)).

The collection efficiency for the NACA 65,-212 airfoil is compared

in figure 5 with the collection efficiencles of a Joukowski alrfoll and
an NACA 65,-015 airfoil, both of which are symmetrical and 15 percent

thick, at an sngle of attack of 4°. The collection efficiencies for the
Joukowski and NACA 655-015 airfoils were obtained from reference 5. The

65,-212 airfoil has a higher collection efficlency, in general, than the

15-percent-thick symmetrical airfolls, except for a portlion of the curve
at the lowest Reynolds number studied. The difference in collection
efficiencles between the airfolls of two thicknesses becomes greater for
the lower range of E; and large values of ¥, which correspond to

combinations of large values of chord length with small droplets. The
higher collection efficiencies of the NACA 655-212 airfoll may be attrib-

uted to the fact .thatl the 651-212 alrfoil is thinner and has a sharper
leading edge than the other itwo ailrfolls and also has a slight camber.

A comparison of the collection efficiency between the 65;-212 alr-

foll and the two symmetrical airfolls is alsc tabulated in teble I for
geveral conditions of speed, sltltude, chord length, and droplet silze.
With all three airfoils the effect on collection efficiency of a change
in altitude fram 10,000 to 30,000 feet 1ls found to be small except for.
the conditions involving droplets larger than 40 microns in dlameter.
The effect of altitude can be found from table I by a comparison of
alternating rows. - : -

2315
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The effect of altitude on the amount of weter  impingement can also
be studied from the results presented In figure 2. The values of
1/K = 21.8 and Reg = 325 represent the conditions for an airfoil with

g 12-foot chord traveling at 400 miles per hour through a cloud composed
of droplets 17 microns in dismeter at an altitude of 1000 feet. An -
increase in altitude from 1000 feet to 30,000 feet decreases the values
of Reg to 92 and 1/K to 19.7 (speed, chord length, and droplet size

are not changed). The value of Yo,u - Yo,1 changes from 0.021 to

0.023, or an increase of 9 percent. The effect of moderate changes in
altitude may be ignored, because the droplet size and the liquid-water
content of the cloud are seldom known with accuracy sufficient to permit
the rate of water collection to be calculated within 10 percent accuracy.

The effect of a change In droplet size on the collection effilclency
is exemplified by a comparison of row 9 with row 11 in teble I. A
change in droplet size from a diameter of 50 microns to a diameter of
S microns reduces the collection efficiency for the NACA 65,-212 airfoil

from 0.68 to 0.10. For this example, the altitude was assumed to be
10,000 feet; the flight speed, 400 miles per hour; and the chord length,
3 feet. R

Extent of impingement. - A knowledge of the extent of impingement
is necessary for the design of anti-icing equipment. The extent of
Impingement is determined by the point of tangency on the airfoll of
the tangent trajectories. The farthest polnts of impingement on the
upper surface are shown in figure 6(a); and those on the lower surface,
in figure 6(b). The extents of impingement for the 651-212 airfoil are

also listed in table I for some flight and operating conditions. The

distances S8, eand SZ are measured on the surface from the polnt of

Intersection of the geometric chord line with the leading edge (fig. 1)
in terms of the chord length.

The extent of impingement along the upper and lower surfaces is
summarized in figure 7 for the same speeds, chord lengths, droplet sizes,
and altitude as given in figure 3. The extent of impingement on both the
upper and lower surfaces increases wlth Increasing speed and with
decreasing chord length. It is much greater along the lower surface than
along the upper surface. As an example, for an airfoll with a 12-foot
chord traveling at 400 miles per hour through a cloud composed of droplets
17 microns in diameter at an altitude of 10,000 feet (Reo = 187 and

¥ = 3590), the ratio of the extent of impingement o the chord length on
the upper surface is 0.013 and on the lower surface is 0.09 (fig. 6).

Cumulative collection efficiency. - The cumulstive collection effi-
cilency for any trajectory intermediate between the upper and the lower
tangent trajectories (fig. 1) may be defined as
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(¥ - ¥p,3) cos @

2 (7)

E =

The droplet impingement between the lower tangent trajectory and any
other trajectory is shown in figure 8 as a ratio to the maximum Impinge-
ment. The ratic is

E Yo - 90,1 (8)
En — Yo,u -~ Y0,1

S1e2

The amount of water impinging on the airfoll between the farthest
point of impingement on the lower surface and any other point of impinge-
ment on the surface may be found from the curves of figure 8 and the
relation

E
W = 0.329 (E,;) EnTLUW cos a (9}

If a 12.5-foot-chord airfoll were traveling at 400 miles per hour at an
altitude of 10,000 feet through & cloud composed of droplets 25 microns -
in diemeter (1/K = 10, Rey = 256, ¥ = 2540), the ratio of the

farthest point of ilmpingement to the chord length on the lower surface .
is 0.14 (fig. 8(b)). The amount of water impinging between the O.I4

point and any other point, such as the 0.04 polnt on the lower surface,

is found by substituting into equation (9) the wvalue of E/Em for

8 = -0.04 and 1/K =10 obtained from figure 8(b) (E/Ep = 0.24). The
value of E, requlred in equation (9) is obtained from figure 4

(Em = 0.23). For the airfoil in the preceding example, 24 percent of
the total water W, impinges between the 0.14 and the 0.04 points on

the lower surface. For the same example, 84 percent of the total water

W, 1impinges on the lower surface of the airfoll and 16 percent, on the

upper surface. In the limiting case of infinitely large droplets
(l/K = 0), 65 percent of the total water impinges on the lower surface.

The effect of varying free-stream Reynolds number on the cumulative
collection efficiency can be determined from figure 9. Figure 9 is also
presented as an aid in the Ilnterpolation of results intermediate to the
free-stream Reynolds numbers given.

Local rete of droplet impingement. - In the design of thermal anti-
lcing systems based on the principle of maintaining the water in the .
liquid state or on the principle of complete evaporation of the impinging
water, a knowledge of the local rates of water impingement is required.
The local rate of droplet impingement per unit area of airfoil surface -
can be determined from the expression
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ay,

Wg = 0.329 Uw Es_o cos o = 0.329 Uw B cos a (10)

The values of B as a function of the airfoil distance S8 are given in

figure 10. These values were obtained from the slopes of the curves 1n

figure 8 hy the relastion
B = A——(E m)( ) (11)

5 “YYo,u ~ Y0,2
In cyclical thermal de-icing systems & spanwlse parting strip is
usually located near the air stagnatlon line, which is located at
S5 = 0.008 for the airfoil considered herein. The meximm rate of local

impingement coincides very nearly with the proper location of the partihg
strip (£ig. 10).

The data presented in figures 2 to 10 apply directly to flights in
ciouds composed of droplets thet are all uniform in size. The water
droplets in a cloud, however, are not necessarily uniform in size; the
extent of impingement 1s always determined by the largest droplets in
the cloud. The local rates of impingement are determined by the droplet-
size distribution patterns present In the cloud. For flights In clouds
composed of droplets that are not uniform in size, the B curves of
Pigure 10 must be altered to conform with the welghted baslis of the
droplet-size distribution.

CONCLUDING REMARKS

Water-droplet trajectory data for an KACA 65;-212 alrfoil at an angle

of attack of 4° were calculated, and the collection efficiencies, impinge-
ment areas, and rates of impingement were evolved from the calculations.
A graphical procedure is presented to aid In the interpretation of air-
plene speed, chord length, altitude, and droplet diameter in terms of the
dimensionless parameters used in the trajectory calculstions. The rela-
tively simple methods of solution will afford engineering data that were
heretofore unavailgble for the design of systems used in the protection
of airfoils against ice formations.

Lewis Flight Propulsion Laboratory
National Advisory Commlttee for Aeronautics
Cleveland, Ohlo
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APPENDIX A .
SYMBOLS
The following symbols are used in this report: .
droplet radius, £t E
drag coeffliclent for droplets
pressure coefficient _ o . o L
droplet dismeter, microns (S.ZE!XlO"6 £t)

collection efficlency, based. on maximum thickness of airfoil
2p a.zU
inertia parameter, g 5 where U 1is in f£t/sec, dimensionless
airfoll chord length, £t . o ' ) -
free-stream Mach number
gbsolute pressure, in. Hg
Reynolds number with respect to drdplet, 2a py v/u

distance from an element of the vortex sheet to a point In the flow
field, ratio to chord length

distance from chord line messured on surface of* airfoll, ratio to
chord length

meximum eirfoll thickness, ratio to chord length
most probeble’ icing temperature (fig. 14), °
time, sec ) o . S
flight speed or free-stream velocity, mph or ft/sec as noted
local alr veloeclty, rstio to free-stream velocity

local droplet velocity, ratio to free-stream velocity

local vector difference between velocity of droplet and. velocity of
air, ft/sec . . . : o . _ - L



STe3e

NACA RM E5ZBl2

W rate of water impingement, 1b/(hr)(ft span)
Wg local rate of water impingement, 1b/(hr)(sq £t)
W liquid-water content in cloud, gfcu m
X,y rectangulsar coordlinetes, ratio to chord length
@ angle of attack, deg
B impingement factor, dimensionless
T vortex strength, dimensionless
T ratio of specific heats, 1.4
I viscosity, slugs/(£t)(sec)
tE,n coordinate points on airfoil, ratio to chord length
o density, slugs/cu £t
T time scale +tU/L, where U 1is in ft/sec, dimemsionless
¥ scale parsmeter, T Pg = Ei, dimensionless
& Py K
Subscripts:
0 free strean
8 air
1 lower airfoil surface
m maximum
8 eirfoll surface
u upper alrfoil surface
v vortex
W water
x horizontal component

vertical component
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APPENDIX B
METHOD USED TO CALCULATE INCOMPRESSIBLE
FLOW FIELD AROUND AIRFOIL

The velocity at the surface of an airfoll cen be determined from &
knowledge of the pressure coefficient CP and the free-stream Msch

number M with the ald of the following eXxpression:

r-1
" C,¥ M2 + 2) Y
U.S = 1+ m‘ 1l -~ -————2_— (Bl)

The pressure coefficients for a large number of polnts on the surface of
the NACA 654-212 airfoll at an angle of attack of 4° were obtained from

wind-tunnel date taken st the Ames leboratory for several free-stream
Mech numbers. The data are for s section of a wing having aspect ratioc
of 9. The surface velocities, which were used toc calculate the flow
field, were calculated for .a Mach number of 0.2 for this report. The
flow fields at other Mach numbers were not calculated because other
exploratory work has shown that the effect of the compressibility of- the
alr on the trsjectories of the droplete was negligible.

The velocitlies in the two-dimensional flow field were calculated by
distributing a sheet of vortices on the airfoil surface of such strength
that the velocities on the surface caused by the vortices were the same

as the velocities calculated with the use of equation (Bl). The velocity

at a point in a flow fleld caused by an element of the vortex sheet of
strength AT placed a distance r =from the point is

= Al
2rr

If an element of vortex sheet of strength

is placed on an increment AS of the airfoil at the 1th position on

the ailrfoil surface, the velocity caused only'by the 1B gection of the
airfoll is . : o : -

(us AS)i
e

S1C2
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at & point In the flow field at a distance r4 =from the ith  section

(fig. 11). The local camponents of the perturbation velocity, &t a point
in the flow field, caused by 300 vortex elements distributed on both the
upper and the lower surfaces of the airfoll are

= %0

Ux,v 2x r

(B2)

Rl =
The horizontal and verticel components of the local velocity uyxy and
uy, respectively, are obtained by adding cos @ to ux,y and sin a

to Uy v

A total of 300 vortex elements were used on the airfoil with a much
denser distribution on the forward section than beyond the S5O0-percent
point. Equations (B2) were solved with the use of electronic calculating
mechines. Approximately 300 points were computed in the flow field out
to 1 chord length ahead of the airfoll in the region of interest with
regard to computing the trajectories of droplets that strike the airfoil.
Between 1 chord length and 5 chord lengths ahead of the airfoil leading
edge, the flow-field velocity components were approximated by assuming
that the flow was cesused by a single vortex located on the airfoil chord
line 25 percent inward from the leading edge.
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APPENDIX C
GRAPHICAI, PROCEDURE FOR INTERPRETATION OF PRACTICAL
FLIGHT QONDITIONS IN TERMS CF DIMENSIONLESS
PARAMETERS

A graphical procedure 1is presented to aid in the interpretation of
airplene speed, chord size, altitude, and droplet dlemeter into terms of
the dimensionless parameters K, ¥, and Rey used in this report. A

solution of equation (2) 1s presented in figure 12 for two altitudes.
For glven droplet dlemeters in microns and ratios of the chord length
in feet to the flight speed in miles per hour, the reciprocal of the

inertia parameter can be determined et altitudes of either 10,000 cor

30,000 feet from figure 12. Altitude does not appreclably affect the
value of l/K, as can be noted from either table .I or a comparison of
values in Pfigure 12(a) with those in figure 12(b).

An airfoil wilith a 12-foot chord length at a £light speed of
400 miles per hour at an altltude of 30,000 feet passing through a cloud
composed of droplets all of which are 17 microns in dlameter will be
used as an example in the graphlecal procedure to interpret practical
fllight units into terms of the dimensionless parameters. The value of
1/K is obtailned from figure 12(b) for the values of % = “"igo = 0.0300
and droplet diameter of 4 = 17. The value of 1/K obtained from
figure 12(b) is 19.4. .,

The free-stream Reynolds number for different altitudes may be
obtained from flgure 13. The product of the droplet dlemeter in microms
and the flight speed in miles per hour must be known. The Reynolds num-
ber 1s a function of the air density, which depends on the pressure and
the temperature at the sltlitudes considered. The pressure used to cal-
culate the air density was taken from tables of NACA standard atmospherilc
pressure at various altitudes, but the temperature was based on the most
probable lcing tempersture at variocus altitudes. The most probable
icing temperature was obtained from appraximately 300 icing observations
(reference 7) and is presented in figure 14. For the example under con-
sideration, the product of the droplet diameter and the flight speed is _
(17) (400) = 6800. The value of Rey as obtailned from figure 13 is 89.

The scale parameter ¥ for various values of l/K and Rep may
be obtained from figure 15. For the example consldered, V¥ = 1732.

The following reletions are presented for use when the degree of
accuracy required is not atiainable with the graphical procedure. The

STe2
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values for the viscosity p should be cbtained from figure 16; these
values are based on the most probeble icing temperature of flgure 14.

where

L—'HEH

Eﬂ = = I d

=

afy
K = 1.704%10-12 —=
ule

dpglU
Reg = 4.813x10°% —2

n
d = 7.862X10° '\}%

DaL
¥ = 2.826%x106 —_

P
pg = 0.0412 T

Wy = 0.329 E, TLUw

droplet dilsmeter, microns

collection efficiency (as given in fig. 4)

inertia parameter, dimensionless

airfoll chord length, ft

gbsolute pressure, in. Hg

free-stream Reynolds number with respect to droplet, dimensiomnless
maximum airfoil thickness, ratio to chord length
most probable icing temperature (fig. 14), °R
flight speed, mph

maxiumm-rate of water impingement, 1b/(hr)(ft span)
liquid-water content in cloud, g/cu m

viscosity, slugs/(ft)(sec)
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Pa
¥
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air density, slugs/cu t

scale parameter, dimensionless

(The density of water was assumed_to be 62.46 lb/cu ft and the accelera-
tion due to gravity, 32.17 ft/sec?.)
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TABIK I ~ COMPARISON OF ICTWG ON THREE AIRFOILS AT SEVERAL FLIGET AND OPERATING CONDITLONS

AR

[Angle of attack, 4]

2315

Row |Altitude |Bpeed |Chord |Droplat Reciprocal | Free- Beale 65,-212 airfoll Collection efficiency
(£s) (mph) |length | dismeter | of inertis | gtresm |parameter Ry
L parameter Reynolds ¥ Distance Digtance Airfoil
(£t) | (aiorons) m”;ﬁ:’ Toom chard | Drom Wrd g5 TIE [65,005 [ToukoreEd
lower surface |upper murface
5 &a
(ratio to (ratlo to
chord length) | chord length)
1| 10,000 150 18 100.0 2,50 376.0 840 Q0,203 0.051 0.41 0.34 0,355
2 | 30,000 150 18 100.0 2.26 198.0 449 237 .081 A&7 40 AL
3 | 10,000 150 8 15,6 100.00 58.7 5872 .030 .01o .07 .05 02
4 | 30,000 | 1s0 18 15.8 90.00 31.0 2799 038 015 .08 .06 .03
5 | 10,000 300 3} 17.0 20.60 128.0 2624 . 080 . 018 «17 .12 .08
& | 30,000 | 300 ] 7.0 19.00 67.8 1288 .088 .024 .18 .15 A2
7 | 10,000 300 16 17.0 57.60 128.0 4709 057 014 .12 .08 08
8 | 30,000 00 18 17.0 35,50 ar.e 2271 062 017 e .09 .08
9 | lo,000 400 3 50.0 .80 502.0 301 SN .153 .68 B8 .66
10 | 50,000 400 3 50,0 .55 266.0 148 410 .180 .78 .TO 75
11 | 16,000 400 3 5.0 60,00 50.0 3000 047 Ol4 .10 .08 04
12 | %0,000 | 400 3 5.0 55.00 26.6 1462 .054 016 11 .08 .05
13 | 10,000 450 6 17.0 9.40 182.0 1805 117 024 .25 .16 .15
14 | 30,000 | 450 6 17.0 8.50 102.0 8e7 142 .032 .28 .22 .21
15 | 10,000 450 3 17.0 4,80 1582.0 922 163 « 054 35 .27 .25
18 | 30,000 450 5 17.0 4,30 102.0 437 202 036 .36 .55 B
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Rate of water impingement per unit liquid-water contemt, Wp/w, 1b/(hr)(ft span)

per gfcu m
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Farthest point of impingement on airfoil surface, 8, ratio to chord length
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Ratin of oumnlativs collestion efficiency to total osollesotlca effiociency, m.
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Ratlo of cumulative collectlon efficlency to total collectlon efficiency, E/Em
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Ratlo of cumulative collectlon efflclency to total collection efflclency, E/'Em
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